with an unusual capacity to reduce sliding fiction (providing friction coefficients as low as 0.02) and wear of mettilc and ceramic materials. More recent studies have revealed that water or methanol solutions of boric acid can be used to prepare strongly bonded layers of boric acid on aluminum surfaces. It appears that boric acid molecules have a strong tendency to bond chemically to the naturally oxidized surfaces of aluminum and its alloys and to make these surfaces very slippexy. Recent metal formability tests indicated that the boric acid films formed on aluminum surfaces by spraying or dipping worked quite well; improving draw scale pefiormance by 58 to 75%. These findings have increased the prospect that boric acid can be formulated and optimized as an effective boundary lubricant and used to solve the friction, galling, and severe wear problems currently encountered in cold-forming of aluminum products. Accordingly, the major goal of this paper is to demonstrate the usefulness and lubrication capacity of thin boric acid films formed on aluminum surfaces by simple dipping or spraying processes and to describe the lubrication mechanisms under typical metalforming conditions. We will also examine the nature of chemical bonding between boric acid and aluminum surfaces and develop new ways to optimize its . ,.
INTRODUCTION
One effective way to increase fbel efficiency in modern automobiles is to firther reduce their overall weights. Weight reduction can be achieved by using lightweight aluminum alloys, especially in automotive body parts and structures. However, forming these alloys into automotive body parts may be difficult, mainly because of a combination of the high galling tendency of aluminum alloys, the extreme pressure requirements of metal-working operations, and the inability of conventional lubricants to prevent galling under such increasingly stringent conditions.
At Argonne National Laboratory when applied to the surface of metals and ceramics. Figure 1 illustrates how dramatically the friction coefficient decreases when boric-acid powders are introduced at the intefiace between an M50 steel pin sliding against an M50 steel disc under dry sliding conditions at room temperature [2] . Initially, the friction coefficient is approximately 0.8, typical of steel against steel, however when the boricacid powder is added to the interface, the friction coefficient drops to 0.05 or less. Detailed investigations indicated that friction coefficient decreases iiu-ther with the increasing contact stresses, suggesting that boric acid could be a potential extreme pressure lubricant for cold-
The results of crystal chemical studies have revealed that the lubrication mechanism of boric acid is mainly associated to its layered crystalline structure [4] . The atomic layers of boric acid align themselves parallel to the direction of sliding motion and slide easily over each other to provide low fiction. Strong interatomic bonding and rigidity of layers prevent direct metal-to-metal contact, thus inhibiting scuffing and/or galling.
More recent studies in our laboratory have revealed that boric acid has a strong tendency to form chemically bonded films on the oxidized surfaces of aluminum and titanium alloys. This observation raises the prospect of developing an effective boundaty lubricant for use in cold forming of aluminum and its alloys. In this paper, we provide experimental data that demonstrate the lubricity of boric acid films formed on the surfaces of 6061 and 6111 aluminum alloys under sliding contacts and instrumented metalforing condhions. Specifically, the main objective of this study is to demonstrate the usefidness and lubrication capacity of thin boric acid films for aluminum forming.
In our experimental work, we explored the lubrication capacity of boric acid powders, bonded thin boric acid layers, and thin films formed by dipping or spraying processes. We will also describe the lubrication mechanisms under typical metalforming conditions.
EXPERIMENTAL PROCEDURES:
Test Materials: For standard pin-on-disk experiments involving powder and bonded-film lubrication, we used M50 bearing balls (9.55 mm in diameter) and 6061 and6111 aluminum disks.
The bearing balls were highly polished and had a sufiace roughness value that was better than 0.01 Initially, we allowd the pinto slide against the disk without any lubrication until a steady state regime is established. Subsequently, we fed manually fine boric acid powders (particle size; 20-50 pm) into the sliding interface of the test pair.
Metal Formability Tests:
Instrumented metalformability tests were performed by a commercial
Interlaken test machine whose main features and test procedures are described in details in Refs. 5 and 6. It provides a means for measuring relative friction as well as ranking sheet metal lubricants.
Briefly, this tester uses a a short stroke clamping actuator and two dimensional tooling that allows the die to be opened and the specimens removed without a large clamping stroke. A schematic illustration of this tester is shown in Figure 3 . Rectangular strips of aluminum (9.5"X0. Scanning electron microscopy (SEM) was used to assess the uniformity and surface morphology of the boric acid films. A micro-laser Raman spectroscope was also used for chemical characterization of sliding surfaces. The Raman instrument was operated with a HeNe laser having a wavelength of 632.8 nm with an output power of 25 mW and spot size of 2 pm. Figure 4 shows the fiction coefficient of the M50/6061 test pair before and tier boric acid is added to sliding interface. As is evident, the steady-state friciton coefficient of the pair is about 0.6 before boric acid addition, but with the introduction of boric acid powders to the sliding interface, the friciton coefficient drops sharply to a value of 0.05. This simple experiment demonstrates the impressive lubrication capacity of bulk boric acid. Fig. 4 demonstrates that the friction coefficient of an M50 pin against bare 6061 aluminum alloy is initially rather high. During this initial (unlubricated) stage, the levels of vibration and noise were also high. Visually, we noticed severe wear damage on disk surface. However, as soon as we introduced some boric acid powers to the sliding interface, the friction coefficient dropped precipitously and the level of noise and vibration became undetectable. Fig. 5 ii.u-therdemonstrates that as long as we have a bonded boric acid film on the surface, the friction coefficient becomes very low. Also, Fig. 5 reveals that the friction coefficient decreases with increasing contact pressure, thus implying that the lubricating capacity of boric acid increases under heavier loads. In short, these simple experiments demonstrate that boric acid is an excellent solid lubricant. Once applied to a surface, it can lower friction.
RESULTS
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DISCUSSION
Visual inspection of the sliding M50 steel balls/pins and 6061 aluminum alloy surfaces revealed that the wear scars and tracks were covered by a thtn layer of boric acid powder. Some particles had accumulated around the circular wear scars or along the edges of the wear tracks. Chemical analyses by rnicro-laser-Raman spectroscopy revealed that these thin layers were made of boric .
acid. Specifically, the spectra showed very strong Raman lines at approximately 497 and 879 cm-l which are the characteristic Raman lines for boric acid [7] .
The results of the metal formability tests fiu-ther demonstrated the excellent lubricating capacity of boric acid by revealing high draw scale ratings for test pieces coated with boric acid. Specifically, as shown in Fig. 6 , the surfaces coated with a thin layer of boric acid performed quite well. Draw scale ratings for the baseline (uncoated) 6111 and 6061 test pieces were 100, but the ratings of boric acid coated 6111 (by dipping) and 6061 (by spraying) were 158 and 175, respectively. This means 58 to 75'XOimprovements in draw scale rating for boric acid lubricated surfaces.
The highly slippery nature of boric acid can be explained as follows. As elucidated in a series of previous research articles [2] [3] [4] boric acid crystallizes in a layered triclinic crystal structure (see Fig.   7 ). The atoms on each layer are closely packed and strongly bonded to each other. The atomic layers themselves are 0.318 nm apart from each other and held together by weak van der Waals forces [4] . In a sense, the layered-crystal structure of boric acid is similar to those of MoS2 or graphite. Accordingly, the very lubricious nature of boric acid is governed by its layered crystal structure. Under shear stresses of sliding contact, the crystalline layers align themselves parallel to the direction of relative motion; once so aligned, they can slide over one another with relative ease and thus provide the low friction coefficients shown in Figs. 4 and 5.
The nature of bonding between boric acid and naturally oxidized surfaces of aluminum alloys remains a mystery, but based on some crystal chemical knowledge, we speculate that the strong bonds are most probably due to the presence of some ionic bond character within the crystalline 
SUMMARY
In metalforming practices, a lubricant is expected to reduce fiction and wear, prevent material transfer or pick-up, and improve surface quality. Furthermore, new lubricants should be nonflammable, environmentally safe, easy to apply and remove. Boric acid appears to meets these requirements. It can be applied to a surface by simple dipping or spraying process and it can be washed away or rinsed clean on a water jet after a metalworking operation. Application of boric
